Formates are produced in the atmosphere as a result of the oxidation of a number of species, notably dialkyl ethers and vinyl ethers. This work describes experiments to define the oxidation mechanisms of isopropyl formate, HC(O)OCH(CH 3 ) 2 , and tert-butyl formate, HC(O)OC(CH 3 ) 3 . Product distributions are reported from both Cl-and OHinitiated oxidation, and reaction mechanisms are proposed to account for the observed products. The proposed mechanisms include examples of the α-ester rearrangement reaction, novel isomerization pathways, and chemically activated intermediates. The atmospheric oxidation of isopropyl formate by OH radicals gives the following products (molar yields): acetic formic anhydride (43%), acetone (43%), and HCOOH (15-20%).
Introduction
Esters are oxygenated compounds which have recently been detected in the atmosphere [1] . They are used extensively as solvents, and to provide the flavors and scents in certain household goods. Esters are formed in the atmospheric oxidation of ethers. For example, tertiary butyl formate (TBF) is produced in the oxidation of methyl tertiary butyl ether (MTBE) [2] [3] [4] 
MTBE has been used as a fuel additive to increase the oxygen content of fuel, and hence reduce CO emissions. Although the use of MTBE has largely been discontinued in the USA, due to concerns about it contaminating ground water, it is still used in some other countries [5] . Thus, tert-butyl formate is a potentially important atmospheric chemical, particularly in areas where MTBE is still used [6] . It can also be formed from the atmospheric oxidation of ethyl tertiary butyl ether, which is replacing MTBE as a fuel additive, particularly in Europe.
The oxidation of vinyl ethers also leads to the formation of alkyl formates [7, 8] .
OH + CH 2 =CH-OR → HOCH 2 -C  H(OR) 
With the increased usage of ethers as oxygenated fuel additives in both gasoline and diesel engines [9] , understanding the oxidation chemistry of esters takes on added importance. The esters studied in the current work can also be regarded as prototypes for larger, more complicated molecules formed from biofuels.
In addition to being environmentally important, esters are also of theoretical interest since the oxy radicals formed from them undergo a unique reaction, known as the alpha-ester rearrangement (where R and R' represent either a H-atom or an alkyl group).
RC(O)O-CHR'O  → RC(O)OH + R'C
the initial site of attack could be deduced; product studies in the presence of NO 2 are used to identify the presence of peroxynitrate species; product distributions are reported for the Cl-atom initiated oxidation in mixtures containing O 2 , NO, and N 2 , from which the behavior of the individual alkoxy radicals can be deduced. The atmospherically important reactions of IPF and TBF with OH radicals were also studied, and the branching ratios for OH attack were inferred from the observed product distributions. Theoretical quantum chemical calculations provided insight regarding the reaction mechanisms.
Experimental
Experiments were performed both at the National Center for Atmospheric
Research (NCAR) and at the Research and Innovation Center of Ford Motor Company.
The experiments at NCAR were carried out in a cylindrical stainless steel chamber with a volume of ~47 L [13, 20] . The chamber was interfaced to a Bomem DA3.01 Fourier Transform Infrared spectrometer. Internal multi-pass optics inside the chamber allowed an optical path length of 32 m for analysis of reactants and products. Photolysis was initiated using a filtered Xe arc lamp directed axially down the chamber through a quartz window. The experiments at Ford were carried out in a cylindrical Pyrex chamber of 5 volume ~127 L coupled to a Mattson Sirius FTIR spectrometer [13, 21] for HCHO, CO and CO 2 are all very structured, so absorption cross sections are not given here since they are instrument dependent.
Most of the reactions described here were initiated by reaction of chlorine atoms with the esters, in the presence of nitric oxide, oxygen and nitrogen. Chlorine atoms were produced by the photolysis of molecular chlorine.
Cl 2 + hν → Cl + Cl (10) Cl + RH → HCl + R 
RO 2 + NO → RO + NO 2 (13) RO → products (14) Mixtures containing typically Cl 2 (3-10) x 10 14 molecule cm -3 , NO (3-6) x 10 14 molecule cm -3 and either IPF or TBF (2.4-5.0) x 10 14 molecule cm -3 , O 2 (10 -600 Torr) made up to a total of 700 Torr in nitrogen were irradiated for several periods of 2-3 min. Additional experiments were also done in the absence of NO. Infrared spectra were taken before and after each irradiation. After analysis of the spectra, product yields were obtained from plots of the amount of product formed against the amount of formate reacted. The stated uncertainties represent two standard deviations from unweighted least squares regressions to the data.
By varying the concentration of oxygen in the chamber, information about the reaction pathway can often be gained since many alkoxy radicals react with oxygen in competition with a unimolecular reaction path, e.g.: 
The rate coefficients for the reactions of Cl atoms with IPF and TBF, and for the reaction of OH with IPF were also measured as part of this work using the relative rate method.
Results

RELATIVE RATE STUDIES
The rate coefficients for the reactions of chlorine atoms with IPF (24) and TBF (25) were studied relative to methanol, ethyl chloride, and acetone. Chlorine atoms were produced in the presence of the ester and the reference compound in nitrogen bath gas. 
The results of the relative rate experiments are summarized in Table I .
In the case of the reaction of IPF with Cl atoms, the rate coefficient was measured relative to methanol. The slope of the plot (shown in Figure 1 ) was 0.32±0.03. Using the accepted value, 5.5 x 10 -11 , for the reference rate coefficient [22] Figure 1 .
Using recent values for the rate coefficients for acetone (2.1 x 10 -12 [22] ), ethyl chloride (7.6 x 10 -12 [26] ) and methanol (5.5 x 10 -11 [22] It will be shown in the next section that a considerable fraction of the reaction occurs at the formate group for both IPF and TBF. It is interesting that the rate coefficients for IPF and TBF are no faster than those for the corresponding acetates, in spite of the fact that reaction at the acetyl group in the acetates is expected to be negligible [11, 16] .
The rate coefficient for reaction of OH with IPF was measured relative to that of ethene. The slope of the relative rate plot, shown in Figure 2, which may reflect the uncertainty in measuring the loss of IPF accurately using FTIR.
SITE OF ATTACK
The extent of attack of Cl atoms on the formyl group of IPF and TBF was determined using the chain reaction of the ester and Cl/Cl 2 in the absence of oxygen. The systems behaved somewhat differently, as described below. showed no evidence for the formation of an acyl chloride, but instead led to large yields of CO 2 . The yield of CO 2 at low Cl 2 was found to be 0.50±0.05 (see Figure S2 ). This presumably corresponds to the fraction of attack at the formyl group, which is followed by decomposition of the resulting tert-butoxycarbonyl radical.
Using the rate coefficient for Cl + TBF measured in this work, along with a 50% branching ratio, leads to a partial rate coefficient of (7±2) x 10 -12 cm 3 molecule -1 s -1 for attack at the formyl group, similar to that in IPF. No CO was observed from the alternative dissociation pathway.
On addition of larger amounts of Cl 2 (≤ 2 x 10 17 molecule cm -3 ) the acyl radicals were scavenged, and the CO 2 yield Y(CO 2 ) dropped smoothly from 0.5 to 0.08.
Assuming that the yield of tert-butyl chloroformate is given by (0.5-Y(CO 2 )), the competition for the tert-butoxy carbonyl radicals can be expressed as: We have previously shown that the oxidation of methyl formate in the presence of NO x leads to the production of a peroxyacyl nitrate, which is useful in identifying the extent of reaction at the acyl site [11, 13] . Here we report experiments to charaterize the peroxynitrates from IPF and TBF, and to obtain their IR absorption cross sections.
Reaction of Cl atoms with isopropyl and tert-butyl formate in air in the presence of NO 2 led to the observation of numerous IR bands that could be associated with both alkylperoxy nitrates and acylperoxy nitrates. On addition of NO, bands at 1160, 1303, and 1720 cm -1 went away within the time it took to record a spectrum (~4 minutes); these are attributed to alkyl peroxy nitrates, formed by attack at the alkyl group. Peroxyacyl nitrates derived from formates have characteristic IR absorption bands in the ranges 1230-1250 cm -1 and 1820-1850 cm -1 [13, 21, 31] , and are more stable than the alkyl peroxy nitrates [13] . are similar to those found in our previous work on the methoxy analog [13] , and roughly a factor of 2 higher than the corresponding bands of peroxyacetyl nitrate (PAN) [32, 33] .
Formation of iPOPAN was also observed in experiments at 270 K. The absorption cross sections of PAN change by less than 10% over this temperature range [33] . Assuming that iPOPAN cross sections are also independent of temperature, a yield of 30% is obtained, demonstrating that the branching fraction for Cl-atom attack on the formyl site does not vary strongly with temperature.
Reaction of Cl atoms with TBF in the presence of NO 2 in air led to the production of an alkyl peroxy nitrate and the acyl peroxy nitrate, (
This compound has been previously identified by Kirchner et al. [31] . Using a branching fraction of (50±5) % for reaction of Cl atoms at the formyl group, absorption cross Addition of NO led to the rapid decay of the alkyl peroxy nitrate, accompanied by production of CO 2 and acetone. The tBOPAN decomposed with a 1/e time of around 1 hour, somewhat slower than the 15 minute lifetime reported by Kirchner et al. [31] .
During the decay of tBOPAN, acetone was observed as a product. Figure 3 shows the products obtained during the dark decay of tBOPAN in the presence of excess NO. At the levels of NO and NO 2 present, it would be expected that tert-butoxy radicals would be scavenged to form tert-butyl nitrite or tert-butyl nitrate [22] . However, acetone is found in a yield of ~30% per tBOPAN decomposed (or 15% of the TBF reacted away), suggesting rapid decomposition of activated tert-butoxy radicals.
To compare the spectra of the peroxyacyl nitrates formed from methyl formate (MOPAN) [13] , isopropyl formate (iPOPAN), and tert-butyl formate (tBOPAN), the 
PRODUCT STUDIES IN THE PRESENCE OF O 2 /N 2 /NO
3.4.1) Isopropyl Formate
Reaction of Cl atoms with isopropyl formate can occur by hydrogen atom abstraction at 3 sites, leading to the formation of 3 peroxy/oxy radicals.
The oxidation of isopropyl formate was studied in the presence of NO at a total pressure of 700 Torr, with the partial pressure of O 2 varied between 20 Torr and 450
Torr. Experiments were also conducted using mixtures containing zero NO, and at 270 K.
The major products observed in all experiments were HCHO, CO, CO 2 Representative product data in air are shown in Figure 4 , and yields of the observed products for a variety of starting conditions are given in Table II 
The variation of the sum (CH 3 ONO + CH 3 ONO 2 ) with O 2 concentration was consistent with the known rate coefficients for reactions (18) , (38) , and (39) [22] , and led to a CH 3 O yield of (35±5)%. The total yield of (HCHO + methyl nitrate + methyl nitrite) approached 55%, implying a direct HCHO yield close to 20%. The most likely direct source of HCHO is from decomposition of the HC(O)OCH(CH 3 )CH 2 O  radical (40) ; no spectral features were identified which could be attributed to 2-formoxypropanal from its reaction with O 2 (41) .
The inferred yield of methyl radicals (~35%) was very close to that of AFAN, suggesting a common source from the HC(O)OC(CH 3 ) 2 O  radical.
Oxidation at the formyl group in IPF (reaction 24a) should lead to the isopropoxy radical, which is known to react with O 2 to produce acetone. 
The combined yields of acetone and iPOPAN total 35-40%. Since abstraction at the formyl site only accounts for 30%, the additional acetone must come from the tertiary site. Decomposition of the HC(O)OC(CH 3 ) 2 O  radical thus produces AFAN (30±5%) and acetone (10±5%). The observation that acetone was formed from the decomposition of the alkyl peroxy nitrates (Section 3.3) is very strong evidence for the occurrence of reactions (44) and/or (47). It will be argued later that the product distribution largely results from chemical activation of the radicals, rather than a thermal distribution.
The remaining abstraction occurs at the primary methyl groups, leading to the production of formic acid through the α-ester rearrangement (15) . 
The observed yield of formic acid was 15-20% at short reaction times, consistent with the direct formaldehyde yield. The yields of HCOOH given in Table II 
As the reaction proceeds, NO is converted to NO 2 . 
Thus, the yield of iPOPAN is given by: 19 molecule cm -3 [19] . On the basis of those measurements, an O 2 dependence would be expected at this temperature. The lack of a dependence of HCOOH on O 2 suggests that the alpha ester rearrangement is occurring largely from chemically activated alkoxy radicals.
Chemically activated processes are well-established for alkoxy radicals produced in the exothermic ROO  + NO reaction [11, 13, 16] .
A few experiments were also conducted in the absence of NO. At both 296 K and 270 K the yields of acetone and AFAN were found to be (20) (21) (22) (23) (24) (25) This behavior is in contrast to the isopropyl case, where the alkoxy radical formed from the primary methyl groups was found to eliminate HCHO. The reason for this difference is unknown. It is probable that the decomposition and isomerization channels are active to some extent in both molecules (see results of theoretical calculations later); however, the existence of multiple pathways to acetone precludes any more quantitative analysis.
Experiments at 270 K and in the absence of NO at 296 K led largely to the same product distribution as described above.
REACTIONS OF IPF AND TBF WITH OH RADICALS
In the atmosphere, the oxidation of these esters will be initiated predominantly by reaction with OH radicals, and so a limited number of experiments was performed to investigate the reaction mechanisms with OH. Both methyl and ethyl nitrites were used as photolytic sources of OH.
In the case of isopropyl formate, the same set of products was formed as with Clinitiated oxidation, although quantitative differences were found in the product distribution (see Figure 7) . The observed yields were: AFAN (43%), acetone (43%), and HCOOH (15-20%). The higher yield of AFAN is consistent with more abstraction at the tertiary site (55-65%), compared to the chlorine atom reaction. At long reaction times, as the ratio NO 2 /NO increased, the yield of iPOPAN approached 20-25%, suggesting that the yield of abstraction at the H-C(O) group is similar to the chlorine experiments. The 20 product yields given above should correspond closely with those found in the atmosphere, where oxidation is largely initiated by OH radicals.
It is expected that OH radicals are produced in the Cl-atom studies following generation of HO 2 .
HO 2 + NO → OH + NO 2 (19) OH + IPF → product (66)
Simulations of the chemical mechanism using the Acuchem program [37] indicated that for the Cl-atom experiments, up to 30% of the attack on IPF could be from OH radicals, necessitating a revision of the product yields from Cl-atom attack. The preferred values are then: reaction at the formyl group, (30±5)%, reaction at the methyl groups, (20±5)% leading to HCOOH, and reaction at the tertiary carbon, (50±5)% leading to 30% AFAN and (15-20)% acetone. The branching ratios for OH reaction, which are relevant to the atmosphere, remain the same as measured here.
When TBF was oxidized by OH, the yields were essentially identical to the Clinitiated oxidation, i.e., AFAN < 10%, acetone ~40%, acetone + tert-BuONO + tertBuONO 2 ~ CO 2 ~70%. Hence, the OH initiated oxidation of TBF also proceeds by roughly equal abstraction at the formyl and primary sites. At long reaction times, formation of tBOPAN was found, confirming a substantial fraction of attack at the formyl group. The slow rate of reaction of OH with TBF [28, 38] , and low yields of AFAN, made more quantitative description difficult. In the atmosphere, where tert-butoxy radicals decompose rather than react with NO or NO 2 , the major product will be acetone with a yield >80%, regardless of the site of attack.
Theoretical Calculations
To interpret the experimental results, quantum chemical calculations were carried out to determine the structures and energies of some of the transition states in the IPF system. The alkyl and alkylperoxy radicals are expected to follow well-documented reactions. However, the behavior of the oxy radicals cannot be predicted easily.
Calculations were carried out for the 2 initially formed oxy radicals,
HC(O)OCH(CH 3 )CH 2 O  and HC(O)OC(CH 3 ) 2 O
 , and for the radical formed by decomposition of the alkoxy radical formed by abstraction at the primary site,  . The reactions considered were decomposition, isomerization, and the alpha-ester rearrangement (for the latter).
Stationary points on the potential energy surfaces for decomposition pathways of the alkoxy radicals were characterized via the CBS-QB3 approach of Petersson and coworkers [39] , as implemented in the Gaussian 03 program [40] . Geometries and frequencies, scaled by a standard factor of 0.99 [39] , were computed with the B3LYP/6-311G(d,p) level of theory. Next, the energies were derived via coupled cluster (CCSD(T)) theory with approximate extrapolation to the complete basis set limit. For stable molecules this approach yields atomization energies with a mean absolute deviation of 0.6 kcal mol -1 from experiment. Rate constants for unimolecular decomposition at the high-pressure limit were derived via conventional transition state theory [41] . The reaction rate constants should be close to the high-pressure limiting values under the experimental conditions. In the cases of H-atom transfer or elimination pathways, a Wigner tunneling correction was included [42] . This is not expected to be accurate when tunneling is large, but for the present reactions it indicated that at room temperature tunneling increased the reaction rate by only about a factor of 2. The calculated rate constants were well-described by the Arrhenius equation between 200 and 400 K, and the results of the calculations are shown in Table IV .
For the primary HC(O)OCH(CH 3 )CH 2 O  radical from IPF, isomerization was calculated to be facile, ~10 9 s -1 , and to dominate over decomposition by loss of HCHO.
The calculated decomposition rate, ~10 6 s -1 , is very similar to those estimated by Aschmann and Atkinson [34] for analogous radicals formed in ether oxidation. The experimental observations presented here suggest that the radical decomposes, and that the calculated activation energy for the isomerization may be too low. [34] and Good and Francisco [35] for similar species.
Calculations were also carried out at a lower level of theory B3LYP/6-311G(2df,2p). The barriers for reactions (42) , (44) and (47) were calculated to be 11.3, 10.2 and 12.9 kcal mol -1 , in very good agreement with those at the higher level (shown in Table IV ). It is reassuring that such good agreement can be obtained with a lower level of theory.
Experimentally, we observe the yield of AFAN from this radical to be approx.
three times greater than the yield of acetone. Experiments without NO present showed production of AFAN from this radical to dominate over acetone at both 296 K and 270 K.
The observations imply that the production of acetone from the tertiary radical is mediated through chemically activated radicals, either by isomerization or from the loss of HC(O)O. This suggests that the barrier for the channel leading to acetone production is smaller than that leading to AFAN, allowing for preferential activation of that channel.
The final radical to be studied, HC(O)OCH(CH 3 )O  is interesting in that it has two relatively stable configurations separated by a few kcal mol -1 : one (A) in which the carbonyl oxygen is hydrogen-bonded to the hydrogen atom adjacent to the ether linkage, and one (B) in which the oxygen atom bearing the unpaired electron is hydrogen-bonded to the formyl H-atom. The calculations show that (A) is the more stable conformer by 4.6 kcal mol -1 , with a barrier to interconversion of 7.4 kcal mol -1 , which leads at 298 K to a rate of interconversion A→B of 4 x 10 6 s -1 and B→A of 9 x 10 9 s -1 . These rates should be sufficiently rapid that thermal equilibrium is maintained between the conformers.
Hence, the overall reaction rate should correspond to a weighted sum of the two conformers. The calculated loss rate of -CH 3 radicals (50) is 10 3 -10 4 s -1 from either conformer. The alpha ester rearrangement (15) is calculated to have rates of 4600 s -1 from conformer (A) and 2 x 10 7 s -1 from (B).
Transition states for these two reaction pathways are shown in Figure 8 , and Figure 9 shows an Arrhenius plot of all the possible unimolecular pathways from this radical. The experimental evidence [19] shows that the rate coefficient for the alpha-ester rearrangement (15) The transition state for the alpha ester rearrangement is difficult to calculate, since it involves the simultaneous breaking of 2 bonds and shifts of the carbonyl electrons from one oxygen atom to the other [17, 18] . However the present calculations indicate that the decomposition rates are similar in magnitude to those observed, and that the decomposition and rearrangement reactions should be competitive, even if the exact ordering of reaction channels is difficult to reproduce. The dynamics of the reactions are undoubtedly complicated by the presence of internal hydrogen bonds in the radicals, which affect both the thermochemistry and the stereochemistry of the reactions.
Discussion
The studies described in the previous sections show that the major products from the oxidation of isopropyl formate in the presence of NO are acetone, acetic formic anhydride (AFAN) and formic acid, along with CO, CO 2 and formaldehyde. It is difficult to assign an unambiguous reaction mechanism, since each of the radicals can react by more than one channel, and each product can be formed by more than one pathway.
Furthermore, none of the pathways is strongly dependent on the oxygen partial pressure (and in fact any weak O 2 dependences observed are probably a result of changes in the NO/NO 2 ratio). However, significant insight into the mechanism can be gained based on the knowledge of the reaction branching fractions, and from the behavior of the product yields as a function of temperature. anhydride, and as a consequence, the decomposition reactions do not dominate as much as they do for ethers [34, 43] .
An interesting aspect of these mechanisms is the production of activated alkoxy radicals from the reaction at the formyl site. Reactions of acyl peroxy radicals with NO are generally quite exothermic (~20 kcal mol -1 ) and lead to the formation of unstable acyloxy radicals, which decompose very rapidly. The overall exothermicity of the reaction sequence represented by (68) could be as much as 30 kcal mol -1 [22] . In the case of IPF, no products were observed which could be unequivocally attributed to this activated decomposition process. However, the possibility also exists that highly activated isopropoxy radicals could react with O 2 more rapidly than thermally equilibrated radicals. This would explain the fact that the isopropyl nitrite and nitrate were typically below the detection limit. Some decomposition of hot isopropoxy to Overall, the oxidation of isopropyl and tert-butyl formates provides a rich chemistry. The mechanisms proposed here, while not unique, provide a description of the chemistry which is in agreement with our understanding of ester chemistry based on previous studies.
Reaction Scheme 1 summarizes the mechanisms involved in the formation of the obseved products, with branching fractions shown for the Cl atom reactions. In the atmosphere, where reaction will proceed by OH attack, it is expected that IPF will form AFAN (40-45%), acetone (40-45%) and formic acid (15-20%). TBF will give a high yield of acetone and CO 2 (80-90%). Depending on the levels of NO and NO 2 present, small amounts of the acylperoxy nitrates may also be formed. Hydrolysis and rain-out of the soluble products should also be considered for a full understanding of the atmospheric fate of these molecules. 
